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The geometry of hydrogen intercalation sites in rutile TiO2 has been studied using first principles calcula-
tions. A new intercalation site is predicted which is consistent with all current experimental data. The apparent
contradiction between spectroscopic, diffraction and magnetic resonance data are resolved by taking into
account the strong local distortions of the structure induced by localization of donated charge. In particular the
predicted OH vibrational frequency is in excellent agreement with that measured. A similar local geometry is
predicted in the presence of 3+ counter ions but with a preferential site occupancy which is consistent with the
local symmetry implied by spectroscopic measurements of aluminium substituted titania. The local distortions
of the structure are shown to result in preferential ordering of the hydrogen ions in layers over a wide range of
intercalation concentrations and the consequences of this ordering for electrochemical insertion of hydrogen
are discussed.
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I. INTRODUCTION
There is a large and growing use of oxide materials, and
nanostructured oxides in particular, as solid state devices
such as solar cells, battery cathodes and recording materials.
H impurities are usually unintentionally introduced during
processing and have significant influence on material prop-
erties and thus device performance. Intentional intercalation
of H into oxide materials is also of interest as it is a prom-
ising approach to hydrogen storage for fuel cells.1 It is well
established that H impurities affect the conductivity, elec-
tronic, and optical and properties of both the bulk crystal and
its surfaces. The strong charge transfer from the hydrogen
modifies the electronic structure of the host material and, at
elevated temperatures, proton transport makes a significant
contribution to the ionic conductivity. In addition, as will be
discussed below, H intercalation has a significant effect on
the structure of the host material.
Rutile TiO2 is a technologically important material as a
ferroelectric, in heterogeneous catalysis and as a pigment and
an opacifier. Natural samples contain small amounts of hy-
drogen which is thought to play a role in the charge compen-
sation of +3 cation impurities. H may also play a similar role
in commercial rutile pigments, which are intentionally doped
with Al+3 cations to supress undesirable photoactivity. Hy-
drogen can also be introduced into rutile by annealing in an
atmosphere containing H2O+O2 or H2.2 Intercalation is
thought to proceed through dissociative adsorption at surface
defects3,4 although there is some evidence for molecular in-
tercalation in the near surface region.5 As the insertion of H
into rutile is fully reversible up to 1019/cm3, and is easily
controlled and monitored, it provides a useful probe for the
variation of optical, electronic, and thermodynamic proper-
ties with donated electron concentration.6–9 Electrochemical
insertion allows intercalation to much higher H concentra-
tions, the exact maximum insertion concentration is not
known. Upon electrochemical H-insertion rutile becomes
brittle.26
The clearly differentiated OH vibrational mode at around
3277 cm−1 means that infrared (IR) adsorption and polarized
Raman scattering can be used to obtain information about the
sites adopted by H impurities. In addition to the mode fre-
quency the total IR adsorption yields the concentration of H
ions9 while analysis of the polarized Raman spectra yields
the symmetry of the vibrational modes.10,11 From this data it
is possible to speculate about the likely intercalation sites for
H within the lattice and a number of models have been pro-
posed. Both the large dichroism observed in the IR adsorp-
tion and symmetry analysis of the polarized Raman spectra
indicate that the OH bonds are oriented perpendicular to the
crystallographic c axis.2,11 Two structures have been sug-
gested that are consistent with this orientation of the OH
bond; the channel center (CC) and basal octahedron edge
(BOE) models.2,12
The rutile structure consists of TiO6 octahedra which
share edges along the c direction and corners in the ab
planes. The edge sharing octahedra form pillars along c sepa-
rated by channels of empty octahedra. In the channel center
(CC) model the proton resides in the channel between two O
ions separated by 3.33 Å (Fig. 1). In its original formulation
the CC model envisaged the proton equidistant from the two
O ions; in the modified CC model (MCC) the proton is
thought to vibrate in a double well potential with minima at
FIG. 1. Four unit cells of rutile TiO2 viewed along the crystal-
lographic c direction. Two possible H adsorption sites are indicated;
the CC model by a closed circle, the two BOE sites are shown by an
open circle. The two shown BOE sites are symmetry related.
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approximately 0.98 Å from each of the O ions. In the BOE
model the proton sits equidistant from the two O ions mak-
ing up the shared octahedron edge (Fig. 1). There are two
such edges available oriented either along the (110) or the
(1-10) directions (Fig. 1). The O-H-O distance of the BOE
model, 2.85 Å, is much shorter than that of the CC model
s3.33 Åd.
Given the current experimental data it is not possible to
adopt either model as satisfactory. In pure rutile symmetry
analysis of the Raman data excludes the BOE mode and is
consistent with the CC model10,11—essentially the diagonal
ss110d mirror plane implied by the BOE model is not con-
sistent with the Raman data. In Al-doped rutile the Raman
data is significantly different and does not exclude this sym-
metry element and so the BOE model may pertain in this
case11 while EPR measurements of Fe-doped rutile support
the CC model.13 Neutron diffraction data from a sample of a
natural mantle rutile place H ions near the BOE position in a
bent O-H-O configuration.14 Natural samples contain signifi-
cant impurity concentrations and so this data supports the
idea that the H intercalation site is sensitive to the defect
structure.
The CC(MCC) and BOE model are also not consistent
with the observed vibrational frequency of the OH group.
There is an empirical correlation between the O-H stretch
frequency and the O-O distance of an O-H-O complex.15 The
observed OH frequency of 3279 cm−1 correlates with an O-O
distance of 2.75–2.85 Å while the O-O distance in the MCC
and BOE models are 3.33 Å and 2.52 Å, respectively. Thus
one would expect a vibrational frequency of approximately
that of a free OH group s3600 cm−1d for the MCC model and
a strongly shifted frequency s2300 cm−1d for the BOE model.
There have been a number of previous attempts to explain
this anomaly. On the basis of empirical potential modelling it
has been suggested that the hydrogen bond typical of O-H-O
complexes is not formed at all in this system and that devia-
tions from the free molecule properties result from electro-
static interaction of the proton with the surrounding lattice
ions.16 Such calculations yield a frequency shift which is two
times greater than that observed. The bent BOE site deduced
from neutron diffraction data provides an alternative expla-
nation. The bending of the O-H-O linkage to 166° being
thought to yield a dramatic increase in the OH stretch
frequency.14,17
First principles simulations based on density functional
theory are now sufficiently reliable and accurate that they
can be used to predict intercalation sites for H in rutile. In the
current study such calculations are used to determine the
structures adopted on H-insertion in both pure rutile and that
doped with 3-valent-ions. The importance of local deforma-
tions of the lattice induced by ion insertion and of volume
expansion induced by the charge donated to the lattice are
examined in detail. Currently available experimental data are
discussed in the light of these results. The paper is organized
as follows. The details of calculations are briefly summarized
in Sec. II. In Sec. III the CC(MCC) and BOE models in pure
and doped rutile are examined and the frequency of OH vi-
bration estimated. In Sec. III the ordering of H ions is con-
sidered and the mechanism underlying the local distortions is
discussed. Conclusions are drawn in Sec. IV.
II. DETAILS OF CALCULATIONS
All calculations were performed with the CASTEP soft-
ware within the pseudopotential plane-wave formalism18,19
and density functional theory. Electron exchange and corre-
lation effects were treated within the spin polarized general-
ized gradient approximation (Perdew, Wang, 1991)20 with
ultrasoft pseudopotentials21 used to replace the
Ti s1s ,2s ,2pd, Os1sd orbitals. The sampling in the k space
was performed on the regular grid with a spacing in the of
0.1 Å−1. A plane-wave cutoff energy of 380 eV was found to
converge the total energy to 0.01 eV per formula unit. The
calculations were performed in a supercell containing 16 for-
mula units of HxTiO2 allowing insertion concentrations rang-
ing from x=1/16 to x=1 to be considered. The size and
shape of the cell and all internal degrees of freedom were
fully relaxed with respect to the total energy. For each com-
position a number of different initial geometries were con-
sidered and the lowest energy configuration sought.
III. RESULTS AND DISCUSSION
A. Position of a proton
Rutile is a tetragonal crystal with lattice parameters a=b
=4.59 Å and c=2.95 Å (Ref. 22) (calculated values a=b
=4.63 Å and c=2.96 Å). At x=1/16 sx=H/Tid, initial con-
figurations based on the BOE and MCC models were exam-
ined and the structures fully relaxed. The BOE structures
were found to be unstable and upon relaxation H ions leave
the octahedron edge and move into the c channel. The fully
relaxed configurations correspond essentially to the CC
model (Fig. 2). H ions occupy sites symmetry equivalent to
s0.54a ,0.09b ,0cd of the primitive cell of rutile. In these sites
the hydroxyl group has a bond length of 1.00 Å and is ori-
ented close to either the [110] or [1-10] directions. There is
considerable local distortion of the lattice which results in
the hydrogen bond distance across the c channel being
1.86 Å rather than 2.35 Å of the CC model. This distortion
immediately removes one of the main difficulties of the CC
model discussed above. The empirical frequency expected
for the predicted O-H-O distance is 3300 cm−1.15 The fre-
quency obtained by fitting the computed energy surface for
the O-H bond is 3280 cm−1, in excellent agreement with that
observed (3288 at 10 K2). It is clear from Fig. 2 that the size
and the shape of the c-channels are significantly modified by
H insertion. The mechanism for this is discussed further be-
low.
FIG. 2. Eight unit cells of rutile (A) and Al-doped rutile (B)
containing a H ion. Ti ions are shown in black, O ions in dark grey,
an Al ion in light grey, and a H ion in white.
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Upon substitution of a Ti+4 ion by a trivalent ion (Fe, Al)
at s0.5a ,0.5b ,0.5cd the stable configurations for intercalated
H ions remain locally similar to the distorted CC structure.
However, the substitution and subsequent relaxation breaks
the local symmetry and generates preferred O sites for H
adsorbtion. In these sites H is bonded to O ions sitting on the
edge shared by Al/Fe-substituted octahedra and all OH
bonds are therefore oriented along the (110) direction rather
than along both the (1-10) and (110) directions as in pure
rutile. This preferential site occupancy restores a ss110d mir-
ror plane and thus the modified CC model is consistent with
the symmetry observed in Raman measurements of Al-doped
rutile which was previously interpreted as evidence for the
BOE model.11 The (1-10) oriented sites are coplanar with
Al/Fe in the ab plane. The computed energies of adsorption
reveal that bonding at (110) oriented sites is strongly pre-
ferred over bonding at the (1-10) oriented sites; by 0.22 eV
in the Al case and 0.4 eV in the Fe case. The computed
H-ion position for the Al case is s0.54a ,0.12b ,0cd and has
not been determined experimentally. In the Fe case the com-
puted position of s0.54a ,0.10b ,0cd is in excellent agreement
with that deduced from EPR measurements
s0.56a ,0.11b ,0cd.13
The preference of the H ions for bonding at the shared
edge of Ti and Al octahedra is largely electrostatic in origin.
The Al+3 ion is more electronegative than the Ti+4 ions and
thus its nearest neighboring Ti ions (which are along the c
directions) are partly oxidized having charges of 1.41ueu
compared to 1.36–1.37ueu on other Ti ions. The O ions of the
shared edge also lose some of their charge to the Al+3 ion
(charge −0.74ueu compared to −0.78ueu on the neighboring O
ions coplanar with the Al ions in the ab planes). Thus the
intercalated H, as an electron donor, is stabilized at the
shared edge as it donates charge to these charge deficient
ions. The computed O-H-O distance is 3.13 Å for Al-doped
rutile significantly longer than that for pure rutile s2.86 Åd
and this corresponds to a higher OH frequency as observed
in IR and Raman experiments (3331–3325 cm−1 on Al
doping2,10).
This example of Fe and Al impurities demonstrates that
the H intercalation site is very sensitive to the defects present
in rutile. Additional calculations on a number of model de-
fect structures were performed in order to explore the influ-
ence of the nature of the defect on the H site. Three simple
models for O vacancies have been considered, namely, neu-
tral, doubly ionized, and reconstructed vacancies. A doubly
ionized O vacancy creates a charge depletion on Ti and O
sites which are second neighbors to the vacancy and it is at
these sites that the OH bond is preferentially formed. In the
neutral O vacancy charge is trapped in the vacancy site as the
H occupies essentially the center of the site; this has been
suggested previously by (Bursill et al.27). There is a strong
interaction between impurities and vacancies and in Al(Fe)-
doped rutile the lowest energy position for neutral O vacancy
is located on the shared edge between a substituted and Ti-
occupied octahedron.
Perhaps a more realistic model of the O-vacancy site is
the reconstructed vacancy in which one of the Ti ions neigh-
boring the O vacancy along the c direction moves to an
interstitial site. The energy of this model is computed to be
0.07 eV lower than the unreconstructed vacancy and the
computed barrier for the dislocation of the Ti ions required to
reconstruct the vacancy is computed to be 0.16 eV which is
easily acccessible at room temperature. The reconstruction
produces twofold coordinated O ions neighboring to charge
depleted Ti ions and these provide the preferential adsorption
site for H—0.2 eV lower than trapping at the vacancy cen-
ter.
Overall these calculations on model defects demonstrate
that the H-ion site is sensitive to the nature of the cation
impurities and the charge of vacancy sites but that such point
defects do not stabilize the BOE site. The BOE site is also
unstable with respect to CC type sites in calculations of Ti
and Al interstitial defects.
The robust stability of the CC type sites is closely related
to the local geometry. In rutile the three Ti-O bonds formed
by each O ion lie either in the (110) or (1-10) planes. Chemi-
cal bonding of an H ion to O ions perpendicular to these
planes produces the maximum separation of the Ti and H
ions and thus minimize their electrostatic repulsion. This ge-
ometry corresponds to the CC model. In the BOE model OH
bonds bisect Ti-O-Ti angles causing strong repulsion. In or-
der to stabilize the BOE model the local structure must be
strongly distorted and it does not appear that point defects
are capable of producing sufficient distortion of the local
geometry.
Spectroscopic data on heavily Al-doped rutile (1 wt % of
Al2O3) suggest that at high concentrations dopants and struc-
tural defects form complicated aggregates. Here, a simple
model of a complex defect is studied in which two Al impu-
rities are present in face sharing octahedra with an O vacancy
as a second neighbor as suggested by Gesenhues et al.28 In
the presence of this defect the BOE site is metastable (Fig.
3). Natural mantle rutile contains 5 wt % of different impu-
rities including Al2O3, Fe2O3, etc., and its defect structure is
not known. As the agglomeration of defects into complex
structures is likely it appears that the observation of H in
BOE-like geometries in natural samples is related to its in-
teraction with complex defects.14
B. Ordering of protons and charge localization
The ordering of H ions in the rutile lattice has also been
investigated as it has important consequences for the electro-
FIG. 3. Eight unit cells of rutile containing an aggregation of Al
dopants and O vacancy with the H ion in a metastable state near
the BOE.
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chemical insertion of H ions. The lowest energy configura-
tions were sought for HxTiO2 with concentrations ranging
from x=1/16 to x=1. At all insertion concentrations the dis-
torted CC site was found to be stable with respect to the
BOE site. Intercalation energies (Table I) were estimated
from the total energy of the most stable configuration with
respect to the bulk rutile and molecular hydrogen. These en-
ergies correspond to intercalation at PH2=0 and T=0. One
can conclude that in this limit the maximum insertion con-
centration is close to x=1/4. At higher partial pressure of
hydrogen and high temperature intercalation will proceed be-
yond x=1/4.
At x=1/8, 1 /4, and 1/2 the lowest energy configurations
are layered structures with rumpled ab layers of H ions sepa-
rated in the c direction. The layered configuration shown in
Fig. 4 is the lowest energy configuration for x=1/4. The cell
parameters of this structure are a=4.61 Å, b=4.87 Å, and
c=11.91 Å corresponding to a 2% increase of volume over
pure rutile which is very similar to the expansion observed in
lithiated rutile at x=1/4 though the nature of inserted ions
and the local geometries of the adsorption sites are
different.23 The predicted volume of the layered hydrogen-
ated structures remains close to that of lithiated structures up
to x=1/2 (Fig. 5). This indicates that the expansion of the
structure in this concentration regime occurs because of ac-
commodation of extra electron density donated by guest ions
rather than short range repulsions.23
The volume expansion and ordering of the H ions in the
ab planes can be understood in terms of a simple ionic model
if the elastic distortion of the lattice is taken into account.
The role of the donated electron density is analyzed here
using population analysis. At all insertion concentrations ex-
amined here the intercalated H donates about 32% of an
electron to the lattice in good agreement with what one
would expect from the electronegativities of H and O atoms.
This charge is not distributed homogeneously, it is mainly
localized on the O ions forming the hydroxyl group (about
28%) and on O ions across the c channel forming hydrogen
bonds (about 12%). The reminder of the charge is accommo-
dated by neighboring Ti ions in the ab planes and neighbor-
ing O ions in the c direction. The accommodation of this
donated charge leads to a strong increase in the ionic radius
of these O and Ti ions and a considerable elongation of the
Ti-O bonds (by 7–13 %). This elongation grows linearly with
the insertion concentration. At x=1/4 the length of Ti-O
bonds reaches 2.15–2.20 Å, which is beyond the typical
bond length for the Ti+3−O−2 bonds s2.06–2.1 Åd and thus
H-insertion becomes thermodynamically unfavorable. The
elongation of Ti-O bonds leads to strong local deformations
which are only partially alleviated by the relatively modest
volume expansion. The deformations reshape the c channel
containing the H ions [Fig. 2(A)]. The c channel closes in the
direction of the O-H-O complex ([110]), but opens in a per-
pendicular direction ([1-10]). The corresponding atomic dis-
placements are reminiscent of the low frequency B1g mode at
142 cm−1.24 These deformations affect the size and the shape
of the neighboring empty channels and create an ideal neigh-
boring site for further H insertion and thus the formation of
ab layers of H ions (Fig. 4).
The ab layers which contain H ions expand in the c di-
rection due to the charge donation. This resultant stress is
accommodated by the lattice as a sequence of alternating
long and short Ti-O bonds in unoccupied ab layers. This
distortion pattern is similar to an excitation of the soft ferro-
electric vibrational mode A2u mode at 176 cm−1.24 The mag-
nitude of the distortion decays rapidly with distance. At x
=1/8 the shorter and the longer bonds in the neighboring
unoccupied ab layers are 1.86 Å and 2.10 Å, respectively,
and within six atomic layers return to the unperturbed Ti-O
distance of 1.94 Å. As the GGA is known to overestimate the
ferroelectric distortions of rutile25 these calculations were re-
peated within the LDA which yielded similar distortions.
The formation of the layered structure provides a trapping
mechanism for inserted H ions. The diffusion of H ions is
dominated by that in the c direction. The experimental value
TABLE I. The intercalation energy E of H into rutile TiO2 for
various concentrations.







FIG. 4. The lowest energy configuration of H1/4TiO2 viewed
along the b axis (A) and the c axis (B). H ions form rumpled ab
planes separated in the c direction. Ti ions are shown in black, O
ions in dark grey, H ions in white.
FIG. 5. The volume of the lowest energy configurations of H
rutile (open circles) and Li rutile (closed circles) as a function of
insertion concentration x.
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for the diffusion barrier at low H concentrations is 0.59 eV in
the c direction and 1.28 eV in the ab planes.9 The barrier for
diffusion out of the layered structures is estimated here by
constrained minimization in which the position of the H ion
is fixed along an assumed diffusion pathway in the c direc-
tion while the rest of the structure is fully relaxed. The com-
puted barrier grows quickly with the H concentration; at x
=1/8 it is two times higher than at x=1/16 (1.6 eV and
0.8 eV, respectively). It is the slow diffusion of H ions out of
their thermodynamically favorable sites that leads to the
rapid aging of rutile electrodes upon H insertion. In addition
the strong elongation of the Ti-O bonds in the rumpled
planes predicted here may lead to the breaking of interlayer
bonds and thus be responsible for the embrittlement of the
material at high insertion concentrations.26
IV. CONCLUSIONS
The hydrogen intercalation sites in rutile TiO2 have been
determined using first principles calculations. The predicted
site is similar to the channel center model with strong local
lattice distortions which remove all inconsistencies between
this model and existing experimental data. The primary
cause of the distortions is found to be the localization of the
charge donated upon insertion of H ions. Upon doping with
3+ cations the channel center position is retained but prefer-
ential site occupancy leads to a different symmetry for the
OH-stretching vibration which was previously interpreted as
evidence for the basal octahedron edge model. Local defor-
mations of the lattice upon substitution are also predicted to
result in a frequency shift of the OH stretching vibration
which is in excellent agreement with spectroscopic measure-
ments. The lattice deformations lead to the thermodynamic
stability of ordered layered structures of H ions. The stress
induced in the lattice is accommodated in long range distor-
tions of the lattice reminiscent of soft ferroelectric vibra-
tional modes. The consequent elongation of Ti-O bonds may
play a role in both the rapid aging of rutile electrodes and in
the hydrogen embrittlement of rutile at high insertion con-
centrations.
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